the conductors of which a transient pulse with a planar wavefront must travel. In practice, however, the fields obtained in the working volume can depart from the ideal TEM behavior owing to the excitation and propagation of non-TEM modes. It has been known for some time (1 to 5] that a finitely wide parallel-plate transmission line can support and propagate TE and TM modes if they are excited for any reason. Since the chief object of such an EMP simulator is to produce an EMP environment appropriate to a plane wave (outside the source region), it is desirable to suppress the non-TEM modes without disturbing the TEM wave. To successfully accomplish this suppression, a clear understanding of the characteristics of the TEM and non-TEM (i.e., TE and TM) modes is essential. Much detailed work has been done concerning the TEM properties of both the parallel-plate (6 to 9] and the conical (10, 11] transmission lines. References (12, 131 have considered the conical transmission line as a launcher and receptor of waves on the cylindrical transmission line by introducing the concept of dispersion distances, or equivalently, dispersion times. Formuals have also been developed (131 for the TEM mode coefficient in terms of the cross-section fields. Detailed calculations of TE and TM modes of propagation are currently available for the two limiting cases of narrow (separation >> width) [] and wide (separation << width) (4, 5] plates. A parametric study is presently in progress (14] for the general case where the separation to width ratio is not restricted. This study will consider geometries of the existing (ALECS 3 and ARES) and future (ATLAS I and II) transmission-line type of EMP simulator facilities at the Air Force Weapons Laboratory, as well as the laboratory model simulator at Harvard University. Comparisons of the electromagnetic field calculations from this study with the available experimentally measured fields in ALECS and Harvard's model simulator is expected to lead to an identification of the effects of the higher order modes. In any case, there exists a need for suppressing or damping the non-TEM modes.
In Section II, the departure of the measured fields in the working volume from the ideal TEM behavior will be considered, and in Section III, available computations of TE and TM modes in the parallel-plate region will be reviewed. Sections IV and V deal with various aspects of the spatial modal filter, and design formulas are developed. The note is concluded with a summary in Section VI. The complexity is partially due to the fact that the input pulse contains a wide range of frequencies and, consequently, the relevant dimensions of the structure ranges from a small fraction of a wavelength to many wavelengths. Because of this, the simulator while operating in a pulsed mode is a transmission line, a radiator and an optical diffracting structure, all for the same pulse.
In reference 1151 , the electromagnetic characteristics of the simulator were qualitatively discussed by categorizing the frequency range of interest into a) low frequencies, b) high-frequency asymptotics, and c) intermediate frequencies.
At low frequencies, one has near-ideal conditions in terms of simualtion because quasi-static considerations apply and the TEM mode of propagation is dominant. The main problem here is to minimize the impedance discontinuity and TEM field discontinuity across the junction between the cylindrical and the conical transmission lines.
Such a matching of the TEM modes at the input and output "bends" is achieved by reducing the dispersion distance 112,131. At higher frequencies, the relevant dimensions of the simulator, e.g., width and spacing of the plate become several wavelengths long, and ray-optical considerations to no cancellation in either of these field quantities with their counterparts-in the TEM mode. We also note that the frequency where the notch occurs is also predictable from the dispersion times/distances calculations.
III. CHARACTERISTICS OF NON-TEM MODES
An open waveguide formed by two perfectly conducting parallel plates of finite width can suDDort, in addition to the dominant TEM mode, higher-order TE and TM modes. These higher modes have suitably complex propagation constants which account for the radiation loss of the modes. Because of radiation, power flow and stored energy are not confined to the inner region of the structure. As the wave (a superposition of modal distributions) propagates, there is a continuous "leaking" of energy from the open waveguiding structure.
In closed waveguides, the higher modes are the solutions of source-free time harmonic Maxwell's equations characterized by axial field variation of the form expfj(wt-z-kz)] . Each one of these modes with real propagation constants (k z ) below cutoff satisfies all of the boundary consitions. Above cutoff k z is pure imaginary and the modes are evanescent. Also, these modes possess finite energies in a cross section and display orthogonality and completeness properties.
In contrast, the modes on an open waveguide form a discrete spectrum of leaky modes satisfying Maxwell's equations and boundary conditions. However, any cross section extends to infinity and the fields can grow without bounds at large distances from the simulator cross section. These leaky modes on open waveguides do not form a complete orthogonal set and have to be supplemented by a continuous spectrum. The variation of an arbitrary mode can be separated into transverse and longitudinal parts as follows: we have, It is not our intention to show detailed modal distributions of these higher modes in this section but to point out the methods employed and availability of field plots. Specific calculations of the TM modes in a geometry corresponding to the model EMP simulator at Harvard are currently in progress for later comparisons with the measured data. Such comparisons are expected to lead to unambiguous identification of modes.
IV. ELECTROMAGNETIC CONSIDERATIONS OF SPATIAL MODAL FILTERS
The object of introducing a spatial modal filter is to load or damp the non-TEM modes (i.e., TE, TM) without significantly disturbing the TEM modes. One method that has been experimentally implemented in the context of TEM cells [26] with some degree of success is by inserting RF-absorbing material [27, 28] along the conducting walls of the waveguiding structure.
This technique lacks an analytical basis and also does not fully exploit the uniform characteristics of the dominant TEM mode for damping the non-TEM modes. If we recognize the fact that all propagating modes have spatial properties, one can, hence, take advantage of certain spatial properties to selectively load the modes (29] .
In a two-parallel-plate transmission-line type of EMP simulator, all of the important characteristics of the principal TEM mode, both in the parallel-plate region [9] and the conical plate region By definition, the only mode with longitudinal component of magnetic field (H z) is the TE mode and, hence, this mode has principally transverse currents (J ) which couple to the transverse resistors.
Consequently, this form of SMF is essentially uncoupled from the principal TEM or higher TM modes while loading the higher TE modes.
C. Two Dimensional
An extension of the one-dimensional SMF is to introduce "loading sheets" that are comprised of a twodimensional (transverse and longitudinal) array of resistors. In the top plate and the ground plane, one would have only transverse resistors, but in the space away from the simulator plates, the loading sheet will be two dimensional. The sheet will be located along an equipotential surface of the principal TEM mode. ThisI implies that the sheet is electromagnetically invisible L to the principal TEM mode while coupling and, hence,
damping the non-TEM modes.
D. Three Dimensional
The two-dimensional loading sheet described above can be repeated to fill some portion of the volume between the top plate and the ground plane resulting in a volumetric suppressor of non-TEM modes.
There are certain constraints to be placed on the choice of the volume of space wherein such a filter can be placed. For example, the filter should not be close to the working volume of the simulator to avoid any coupling to the test object. Furthermore, the higher-order TE and TM modes become evanescent at a certain distance away from the terminator in the output section. For this reason, little is gained by placing the volumetric SMF near the termination. Such considerations indicate that the SMF should be placed under the output bend extending toward, but not close to, the terminator.
In Section V, we develop an approximate analytical basis for estimating the sheet resistors. Js is positive and directed into the plane of the paper in Figure 5 .3b. As before, using Eq. This gives an optimum value for the sheet impedance of
Once again, we note that for the TE case, only the transverse resistors carry current and, hence, Eq. (5.18) applies to the transverse resistors R t *
In either case of TM or TE waves incident on the resistive sheets, the values of the resistors R Z and R t are dependent on the angle of incidence of these waves onto the sheets. In a simulator configuration, this angle (a) is, of course, a variable quantity and, consequently, an experimental optimization of the particular values of the resistors is inevitable. However, at high frequencies, where ray-optic considerations apply, one can estimate the angle a by considering a typical ray path. It is estimated that the present high frequency ripple of ±30% can be reduced to within ±10%. At intermediate frequencies, the angles are harder to estimate, but effective removal of energy from the non-TEM modes results from multiple passes. It is likely that for E modes (TM case), the ratio of E z to E or E/ may define an effective angle o . A future x 'y memo willYaddress these issues specifically.
For the experimental evaluation, initially, a typical angle may be chosen in designing the filter and, later, experimentation around these values will determine the final values.
In successfully implementing these concepts in a given experimental situation, there will be several associated problems and considerations unique to the experiment. For instance, in a model simulator experiment, the power levels are low and, hence, energy dissipation in the resistors is not a serious consideration. However, on a full-scale facilitiy (e.g., AIJECS), it may become necessary to place the resistors in plastic tubes filled w ith oil (if required). Also, in an on-site configuration, the mechanical problems of supporting and holding the sheet along equipotential contours are much more severe.
There are questions like how far outward in the cross section should the sheets extend. Such considerations and a detailed design, fabrication and evaluation of the proposed volumetric suppressor will form the subject of a separate report.
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VII. SUMMARY VA two-parallel-plate transmission-line type of EMP simulator has been historically employed to propagate an electromagnetic pulse with a plane wavefront. Since the pulse consists of a wide frequency spectrum, the structures that have been built propagate modes other than the principal TEM mode. Consequently, techniques of non-TEM mode suppression is an important element in the advancement of simulator technology. In this note, we address the problem of mode suppression and, in particular, the electromagnetic considerations of a volumetric suppressor. This suppressor is the result of one of several techniques of mode suppression and believed to be the most efficient. Empirical relations are developed for computing the resistor values required in the fabrication by viewing the suppressor as a plane wave absorber.
An important feature of the SMF is its location. 
